Abstract: Fire is a dominant ecological factor in Mediterranean-type ecosystems. Management strategies include prescribed (controlled) burning, which has been used in the management of several species, such as Pinus nigra ssp laricio var. Corsicana, a pine endemic to Corsica of great ecological and economic importance. The effects of prescribed burning on Pinus laricio have been little studied. The first aim of this study was to characterize total and simple phenolic compounds in Pinus laricio. The second aim was to understand: i) the short term (one to three months) and medium term (three years) effects of prescribed burning, and ii) the effects of periodic prescribed burning on the production of phenolic compounds in Pinus laricio. The first result of this study is the presence of total and simple phenolic compounds in the needles of Pinus laricio. 3-Vanillyl propanol is the major compound. After a prescribed burning, the synthesis of total phenolic compounds increases in Pinus laricio for a period of three months. Total phenolic compounds could be used as bioindicators for the short-term response of Pinus laricio needles to prescribed burning. Simple phenolic compounds do not seem to be good indicators of the impact of prescribed burning because prescribed burnings are low in intensity. 
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Introduction
Phenolic compounds are present in terrestrial and aquatic higher plants and are extremely diverse [1] . They are of particular interest because of their involvement in the response of the plant to environmental stress, such as pollutants [2] [3] [4] [5] [6] [7] or temperature variations [8] [9] [10] [11] . Fire is a constant and periodic threat in Mediterranean forests. The Mediterranean region suffers some 50,000 fires/year, which burn 600,000 ha of forest annually [12] . These fires are a real ecological hazard, and also a threat to people. Management strategies include many preventive tools such as mechanical treatment and prescribed burning [13] . Prescribed burning allows burning vegetation under pine stands: i) to reduce fuel loads and fire risks, ii) to recreate natural disturbance dynamics, and iii) restore the ecosystem by means of fire [14, 15] .
In the mountains of Corsica (France -Mediterranean island), the dominant tree is the Corsican Pine (Pinus nigra ssp laricio (Poir.) Maire var. corsicana (Loud.) Hyl.) [16] . This tree is a variety endemic to Corsica and is exploited for timber production under the control of the "Office National des Forêts". Only the composition and chemical variability of its oleoresin had previously been investigated [17] . The effects of prescribed burning on Pinus laricio have also been little studied [18] . A few studies have examined the effects of prescribed burning on the production of phenolic compounds in Pinus pinaster Ait [9] . The levels of total and simple phenolic compounds were found to be bioindicators of thermal stress because they vary after heat damage to stems and crowns.
The first aim of this study was to characterize total and simple phenolic compounds in Pinus laricio. The second aim was to understand i) the effects of prescribed burning in the short term (one to three months) and medium term (three years) and ii) the effects of periodic prescribed burnings on the production of phenolic compounds in Pinus laricio. Our investigation is intended to clarify whether these parameters could be used as bioindicators for the impact of prescribed burning.
Results and Discussion
Total Phenolic Compounds
The first result of this study is the presence of total phenolic compounds in Pinus laricio. The mean content of total phenolic compounds in the needles varied from 25.6±2.6 to 47.0±4.4 mg of gallic acid/g dry weight (Figure 1 ), which is of the same order as the levels found in the literature [7, 9, 19] . Before the prescribed burning, total phenolic compound levels were higher at VN1 (unburned station) than at VN2 (burned station) (Anova, p<0.05; Figure 1 ). One month after the prescribed burning, from April to May, at 2 m height, the phenolic compound levels at the burned station increased (Anova, p<0.05; Figure 1 ). There was no difference between April and May at the unburned station (Anova, p>0.05). After three months, phenolic compound levels were still higher at the burned station at 2 m height (Anova, p<0.05; Figure 1) ; indeed the levels increased from May to July (Anova, p<0.05).
While this increase in level at the burned station was detected at 2 m height (Anova, p<0.05), there was no significant difference from May to July at 6 m height (Anova, p>0.05). Total Phenol
The prescribed burning may activate a secondary metabolism to produce defence compounds, such as phenolic compounds [9] . Our results essentially show an increase in total phenolic compounds, only at 2 m height, two months after prescribed burning. This increase in phenolic compounds could be explained by the action of a pigment [20] , which increases at the same time [18] .
The carbon/nutrient balance hypothesis argues that, under conditions of nutrient limitation, plants accumulate large reserves of carbohydrates [21] . Variation in phenolic concentrations has been documented in plants as a by-product of the internal resource balance [21] and in response to nutrient stress [21] . When nitrogen is present in sufficient quantities, carbon is allocated to growth rather than the production of secondary metabolites [22] . The increase in the nutrient content of the soil after prescribed burning [23] cannot directly explain the increase in total phenolic compound contents. Another explanation for the variation in phenolic compounds could be the activity of Phenylalanine Ammonia-Lyase (PAL). PAL is considered to be the principal enzyme in the phenylpropanoid pathway, catalysing the transformation of phenylalanine into trans-cinnamic acid, which is the prime intermediary in the biosynthesis of phenolic compounds [24] . PAL is a key enzyme in the synthetic pathway of phenolic compounds and increases under the influence of temperature [25] . Rivero [25] shows a correlation between PAL and increases in phenolic compounds in tomatoes (Lycopersicon esculentum) following thermal stress. The increase in phenolic compounds may therefore be correlated with an increase in PAL when Pinus laricio undergoes thermal stress, such as a prescribed burning.
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Simple phenolic compounds
Levels of simple phenolic compounds were of the same order as those found in other species, such as Betula pubescens Ehrh. [4] , Pinus pinaster Ait [9] , Pinus halepensis Mill. [6] and Pinus sylvestris L. [26] . Fifteen simple phenolic compounds were identified and quantified (Table 1) . 3-Vanillyl propanol (Figure 2 ) was the major compound found in the needles of Pinus laricio, with an average of 568.3 µg/g of dry matter at the control station. Phenylethyl alcohol, benzoic acid, vanillylacetone, vanillic acid and isoferulic acid are the other most abundant compounds with a mean concentration higher than 100 µg/g of dry matter at the control station (Table 1 ). Differences were found for some simple phenolic compounds before and after the burning treatments: salicylic acid, vanillin, dihydro-p-coumaryl alcohol, vanillic acid and isoferulic acid (Anova, p<0.05; Table 1 ). Some of these differences could not be explained by the impact of prescribed burnings. Only vanillin and dihydro-p-coumaryl alcohol seemed to show differences between the control station (OSP3) and the station burned in April 2006 (OSP 4; Table 1 ) which could be due to the impact of recent prescribed burning.
Other authors have observed variations in the concentrations of some simple phenolic compounds and no variations for others following environmental stress such as severe pollution caused by a nickel-copper smelter [4] or air pollution [6] . Following a thermal stress event, Alonso [9] highlights variations in levels of esterified syringic acid, which may be due to crown scorching, but these variations change with additional trunk heating levels. So, burning intensity seems to be very important and could be a consequence of variations in phenolic compounds. When damage exceeded a determined level, the same authors found that the tree no longer reacted by activating the production of defense compounds, and their levels decreased. Our experiments were carried out at stations subjected to low intensity prescribed burnings, which did not seem to have an impact on simple phenolic compounds.
The first result of this study is the determination of the levels of total and simple phenolic compounds in the needles of Pinus laricio. After a prescribed burning, Pinus laricio increased the synthesis of total phenolic compounds for a period of three months. Total phenolic compounds could be used as bioindicators for the short-term response of Pinus laricio needles to prescribed burning. Simple phenolic compounds do not seem to be a means of assessing the impact of prescribed burning because these operations are low in intensity.
Experimental Section
General
Two study sites on the island of Corsica were selected. The first site, a natural regeneration of Pinus laricio, is located in the Valdu-Niellu forest in northwest Corsica. The second site is located in Ospedale forest, southeast Corsica, on a Pinus laricio plantation. The general characteristics of the study sites and Pinus laricio stands are presented in Table 2 .
At both sites, stations were established adjacent to each other with three replicates in each station and were selected to be similar in structure and composition. The prescribed burnings were conducted in 2003 by forest firefighters and in 2006 by the Office National des Forêts (Table 3) . A pruning operation was performed in February 2006 up to 4 m high over the entire Ospedale forest site.
1-year-old needles (their growth began in spring 2005) were collected from six dominant trees at each station. In the Valdu-Niellu forest, in order to study the short-term impact of prescribed burning, samples were taken on April 19, 2006 , before the prescribed burning and on May 24 and July 20, 2006, 1 and 3 months after the treatment. Needles were collected from the pines at two heights: 2 m and 6 m above ground level. A total of 72 needle samples were collected for total phenolic compounds. In the Ospedale forest, in order to study the short and medium-term impact of prescribed burning (3 years) and the impact of periodic prescribed burning, needles were sampled on June 11, 2006 in the middle of the canopy. A total of 24 needle samples were collected for simple phenolic compounds. Table 2 . General characteristics of study sites and Pinus laricio stands (mean per site); Dbh: Diameter at breast height). 
Total Phenolic Compounds
The method of extraction of the phenolic compounds was based on the work of Penuelas [3] . Onehalf gram (dry weight) of needles per sample was extracted with a 70% (v/v) aqueous methanol solution (20 mL) acidified with a few drops of 1 M HCl. The mixture was left at ambient temperature for 1.5 h with shaking, and then filtered. Quantification of the total phenolic compounds was carried out by colorimetric reaction using the Folin-Ciocalteu reagent. After 1 h, the reaction was completed and measured at 720 nm on a spectrophotometer (UV-1201, Shimadzu). The quantitative results are expressed with reference to gallic acid. 
Substrate
Granitic Granitic
Station type Mesophylous Mesophylous
Vegetation cover 60% 40%
Age stand (years) 13 22 Dbh (cm) 13 13 Total height (m) 6.6 6.7
Basal area (m²/ha) 21.3 14.1
Simple Phenolic Compounds
The extraction protocol and analysis of simple phenols were developed by the Institut Méditerranéen d'Ecologie et Paléoécologie in Marseilles. Ultrapure water (20 mL) containing 100µL of internal standard (500 mg of Protochualdehyde in 50 mL methanol), were added to dry Pinus laricio needle powder (5 g). After being shaken for 1 hr at room temperature and filtered on Whatman paper, an aliquot of solution (2 mL) was extracted three times with methylene chloride (1 mL). These different fractions were then gathered, conserved for 10 min in a freezer in darkness and then lyophilized (freeze-dryer Lyovac GT2, Stéris®; 1 hr). Acetonitrile (400 µL) and BSTFA+1%TMCS (N,O-bis(trimethylsilyl)trifluoroacetamide + 1 % trimethylchlorosilane -Sigma-Aldrich, 100 µL) were added and shaken for 1 hr at 70°C to form silylated derivatives. Analyses were performed using a Hewlett-Packard GC6890 (coupled to a 5973N Mass Spectrometer Detector) equipped with a HP5MS capillary column (30 m x 0.25 mm x 0.25 µm -J&W Scientific). Sample volumes were injected in pulsed splitless mode (20 psi) for 1 min with an ALS 7683 Automatic Injector at 250°C. The purge flow was set to 30 mL/min. Helium (99.995%) was used as carrier gas. A constant flow mode (1ml/min) was set throughout the run. The oven temperature was initially programmed at 70 °C, ramped to 270 °C at a rate of 5 °C /min and maintained at this temperature for 10min.
The EI mode mass spectrometer parameters were as follows: ion source, 230 °C; MS quadrupole, 150 °C; electron energy, 70eV; Electron Multiplier Energy, 1100-1200V; data were acquired in scan mode from 40 to 500 amu.
Simple phenols were qualified by comparison of mass spectra with those from a personal library. The Kovats retention index was determined by co-injection of Wisconsin Diesel Range hydrocarbons (C10 to C20 from AccuStandard, Inc).
Statistical Analysis
Analyses of variances (Anova) were used when the conditions of application were satisfied (variance homogeneity and normality of stand). The Statistical Graphics Corporation's "Statgraphics for Windows®" software was used for these various tests.
